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Transmission Expansion Planning Considering
Substation Arrangements
Zhuolin Chen, M.S.E.
The University of Texas at Austin, 2017
Supervisor: Ross Baldick
Transmission expansion planning (TEP) is aimed at expanding the ex-
isting transmission system to satisfy potential power demand growth and fu-
ture power plant expansion. Generally speaking, the TEP problem can be
mathematically modeled as a large scale, non-convex, and non-linear opti-
mization problem. Uncertainties causing by development of renewable energy,
electricity market, and load fluctuations are also taken into consideration. The
tradition TEP problem can be solved using stochastic mixed integer linear
programming and contingency analysis. However, the practical application of
TEP problems generates some questions.
This thesis mainly focuses on certain restrictions ignored by traditional
TEP problem formulation, which are important in practice and will change the
optimal solution completely. By adding certain restrictions based on spacing
arrangements on substations, TEP problems can be solved more efficiently and
will be more valuable for industry.
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Chapter 1
Nomenclature
Sets
Nb set of all buses, the indices are denoted by k
Ng set of all generators
Nl set of all existing and candidate lines, denoted by l
Nle set of all existing lines
Nln set of all new lines
Nlk set of all lines connected to bus k
Ngk set of all generators connected to bus k
Nwk set of all wind generators connected to bus k
Sstg set of all scenarios for stage stg, denoted by sstg
FBUS set of from buses
TBUS set of to buses
Variables
xstgl binary variables to represent if line l is built for stage
stg, 1 for built, 0 otherwise
CD
sstg
k,c MW load curtailment at bus k under stage stg, contin-
gency c and scenario s
CW
sstg
k,c MW wind curtailment at bus k under stage stg, contin-
gency c and scenario s
Pg
sstg
k,c MW generator output at bus k under stage stg, contin-
gency c and scenario s
f
sstg
l,c active power flow in line l under stage stg, contingency
c and scenario s
f
sstg
l,c MW power flow on line l under stage stg, contingency c
and scenario s
θ
sstg
k,c voltage angle at bus k under stage stg, contingency c and
scenario s
1
Parameters
γk penalty cost on load shedding per MW at bus k
qk penalty cost on wind curtailment per MW at bus k
αl cost of building lines l per mile
Ll length of line l
Pd
sstg
k demand at bus k for stage stg
Bl admittance of line l
Pwmaxk maximum capacity of of wind generators connected to bus k
Pwmink minimum capacity of of wind generators connected to bus k
Pgmax maximum capacity of generator
Pgmin minimum capacity of generator
fmaxl maximum capacity of line l
fminl minimum capacity of line l
M a large positive constant number
C number of contingency, which is Nl + 1
Pw
sstg
k,c MW wind generator output at bus k under contingency c and
scenario sstg
Limitk Substation spacing limitation at bus k
2
Chapter 2
Introduction
2.1 Definition
The transmission expansion planning problem can be formulated as an
optimization problem aimed at finding out an optimal choice of lines and equip-
ments to expand the existing transmission network[1]. This type of problem
is generally subject to several constraints involving power balance, generation
limitation, security, and reliability. TEP problem in nature is a non-linear and
non-convex problem. [1] Together with the fact that it usually is a large-scale
problem, to solve this type of the problem, solution techniques and decompo-
sition methods are critical.
2.2 Solution Techniques
Based on [2], transmission expansion problem can mostly be formu-
lated as linear programming problem [3], dynamic programming problem [4],
nonlinear programming problem[5], and mixed integer programming problem
[6]-[7]. Decomposition methods including Bender’s and hierarchical decompo-
sition are widely applied in TEP problems; see [8]-[9].
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In recent years, there is a worldwide trend of integration of renewable
energy sources, wind and solar included. Renewable energy sources especially
wind and solar are usually highly variable due to their uncertain nature. To-
gether with electricity markets and demand fluctuation, uncertainties in trans-
mission networks cannot be ignored in transmission expansion planning. As a
consequence, a stochastic model is introduced to cover the uncertainty in the
transmission system; see [10].
In this thesis, the problem is formulated as a stochastic mixed-integer
linear programming problem. General model for the problem will be discussed
later.
2.3 General Model
A general transmission optimization model can be formulated as
Objective = min Losses/Investment/Reliability Cost + E[Uncertainty Related]
s.t. Power Balance Constraints
Power Flow Limits
Generation Output Limits
Other limits
The description will be elaborated in detail in the following sections.
2.3.1 Objective
The objective in a TEP problem can be varied under different purposes.
Some TEP problems are primarily designed to lower transmission losses, and
4
some focus on enhancement of reliability but most commonly, TEP problems
are formulated for the purpose of minimizing the capital cost.
In this thesis, the main concern is to obtain an optimal capital cost.
Meanwhile a reliability problem will be considered. Moreover, to fully exploit
renewable energy source, specifically wind power in this problem, minimization
of wind curtailment will be also addressed.
2.3.2 Constraints
The constraints of the TEP problem include power balance, flow lim-
its, output limits and several particular limitations applied under different
situations.
Power Balance Constraints In general, power balance means for every
node in the system, the power, both active and reactive power injected and
sent out should be balanced, which is
∀k ∈ NbPk = PGk − Pdemand (2.1)
Qk = QGk −Qdemand (2.2)
Since in transmission system, reactive power balance is assumed to be fully
satisfied, (2.2) can be ignored.
Pk is total real power injected into bus i ,and wind and demand cur-
tailments are taken into consideration, so (2.1) can be reformulated as
−
∑
i∈Nlk
fi + Pgk + Pwk − CWk + CDk − Pdk = 0 (2.3)
5
Linearized Power Flow By nodal equations,
Pk = Vk
∑
j=1
Vj(Gkj cos θkj +Bkj sin θkj) (2.4)
Qk = Vk
∑
j=1
Vj(Gkj sin θkj +Bkj cos θkj) (2.5)
can be derived.
However, in transmission system, as reactive power is well supplied,
the voltage is maintained almost constant at 1.0 p.u.. Moreover, resistance in
transmission network is in generally much smaller than reactance, so R can
be ignored. Furthermore, phase angles are generally close to zero in trans-
mission system, which means limθ→0 sin θ = θ. As a consequence, a linearized
simplification of (2.4) can be obtained after considering curtailments of wind
generation and demand,
fl = Bl(θfbl − θtbl) (2.6)
Generation Output Limitations There is a limitation for generation plants,
which can be represented as
Pgmin ≤ Pg ≤ Pgmax (2.7)
Pwmin ≤ Pw≤ Pwmax (2.8)
Other limitations There are other constraints due to the nature of param-
eters. For example, wind curtailment could never be negative. Phase angles
6
are limited within certain range. There are shown as follows:
0 ≤CW ≤ Pw (2.9)
0 ≤CD ≤ Pd (2.10)
−pi
2
≤θ ≤ pi
2
(2.11)
(2.12)
7
Chapter 3
Formulation and Decomposition
The problem can be formulated as a two stage stochastic optimization
problem. In a two-stage stochastic optimization problem, the first stage de-
cision will be influenced by second stage actions. Second stage actions will
be under the influence of the uncertainties in the problem and also first-stage
decisions.
To solve the problem, several techniques are introduced, including Sam-
ple Average Approximation (SAA). Scenarios of the problem are sampled using
Monte Carlo.
3.1 Original Formulation
3.1.1 Model and Model Explanation
3.1.1.1 Model
Here presents the original model, which is consistent with the frame-
work shown in 2.3 in Chapter 1:
min
∑
l∈Nln
αlLlxl + E[h(x, )] (3.1)
s.t. xl ∈ {0, 1} ∀l ∈ Nl (3.2)
xl = 1 ∀l ∈ Nle (3.3)
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The line-building decisions are determined by minimizing the total cost:
investment cost, wind curtailment cost, and reliability cost. Wind curtailment
cost and reliability cost depend on the uncertainties on loads and wind genera-
tion output, which forms the second stage problem. Together with limitations
on (2.3),(2.4),(2.6)-(2.11), second stage problem can be formulated (shown as
following).
where, (3.4)
h(x, ) =min
∑
c∈C
∑
k∈Nb
(qkCWk,c + γkCDk,c) (3.5)
s.t. M(1− Cl,cxl) ≥ fl,c −Bl(θfbl,c − θtbl,c) ∀l ∈ Nl, c ∈ C (3.6)
−M(1− Cl,cxl) ≤ fl,c −Bl(θfbl,c − θtbl,c) ∀l ∈ Nl, c ∈ C
(3.7)
−
∑
i∈Nlk
fi,c +
∑
j∈Ngk
Pgj,c +
∑
n∈Nwk
(Pwn,c()− CWn,c)
+CDk,c = Pdk() ∀k ∈ Nb, c ∈ C
(3.8)
(Cl,cxl)f
min
l ≤ fl,c ≤ (Cl,cxl)fmaxl ∀l ∈ Nl, c ∈ C (3.9)
Pgmin ≤ Pgc ≤ Pgmax ∀c ∈ C (3.10)
Pwmin ≤ Pwc() ≤ Pwmax ∀c ∈ C (3.11)
0 ≤ CDk,c ≤ dk ∀k ∈ Nb, c ∈ C (3.12)
− pi
2
≤ θk,c ≤ pi
2
∀k ∈ Nb, c ∈ C (3.13)
0 ≤ CWk,c ≤ Pw() ∀k ∈ Nw, c ∈ C (3.14)
3.1.1.2 Model Explanation
The explanation of the model is given as following.
For (3.9), When line is not built or it is under contingency analysis,
there should be no power flow, which means fl = 0. Otherwise, power flow
9
should be limited by its upper and lower limits.
(3.6) and (3.7) are transformed from (2.6), which is power flow con-
straints. Similar analysis is applied. When the line is built and it is not under
contingency analysis, which means xl = 1 and Cl = 1, the combination of
(3.6) and (3.7) is the same as (2.6). In contrast, if the line is not built or it
is under contingency analysis, xl = 0 or Cl = 0 and by (3.9), fl,c = 0. Since
M is large enough, there is approximately no limitation for the difference in
phase angle between the two unconnected buses that would have been joined
by line l if it were built and in-service.
Limitations on dispatchable generators and wind generators are given
in (3.10) and (3.11) separately. Moreover, (3.12) and (3.14) represent load and
wind curtailment. Furthermore, phase angle is limited in (3.13).
3.1.2 Model After Monte Carlo Sampling
Since the approximate distribution for wind speed (Weibull Distribu-
tion) and demand is continuous, for the sake of calculation, Monte Carlo sam-
pling method is used to approximate the original problem. By Monte Carlo
method, the objective can be reformulated as:
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min
∑
l∈Nln
αlLlxl +
∑
s∈S
ps
[∑
c∈C
∑
k∈Nb
(qkCW
s
k,c + γkCD
s
k,c)
]
(3.15)
s.t.
−
∑
i∈Nlk
f si,c +
∑
j∈Ngk
Pgsj,c +
∑
n∈Nwk
(Pwsn,c − CW sn,c) + CDsk,c
= Pdsk ∀s ∈ S, k ∈ Nb, c ∈ C
(3.16)
−Ml(1− Cl,cxl) ≤ f sl,c −Bl(θfbl,c − θtbl,c) ∀s ∈ S, l ∈ Nl, c ∈ C
(3.17)
Ml(1− Cl,cxl) ≥ f sl,c −Bl(θfbl,c − θtbl,c) ∀s ∈ S, l ∈ Nl, c ∈ C (3.18)
(Cl,cxl)f
min
l ≤ f sl,c ≤ (Cl,cxl)fmaxl ∀s ∈ S, l ∈ Nl, c ∈ C (3.19)
Pgmin ≤ Pgsc ≤ Pgmax ∀s ∈ S, c ∈ C (3.20)
0 ≤ CDsk,c ≤ dsk ∀s ∈ S, k ∈ Nb, c ∈ C (3.21)
− pi
2
≤ θsk,c ≤
pi
2
∀s ∈ S, k ∈ Nb, c ∈ C (3.22)
0 ≤ CW sk,c ≤ Pws ∀s ∈ S, k ∈ Nw, c ∈ C (3.23)
3.2 Modified Formulation
Traditional TEP formulation only concerns the optimal decision to
build transmission lines. Generally, the spacing problem to build a line is
ignored. This mostly will not cause problems. However, there are situations
where existing substations were built in a narrow neighborhood or somewhere
that is too expensive to expand the original substations. Given that, in certain
planning problems, the implementation of a spacing constraint is necessary.
As a result, a new constraint is introduced in (3.24).
To solve the problem, an additional constraint shown below is added
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into (3.16)-(3.23). ∑
l∈Nlk
xl ≤ Limitk ∀k ∈ Nb (3.24)
3.3 Decomposition
For the formulation from (3.15)-(3.24), the main goal is to find the op-
timal solution for all contingencies. It will work successfully for small amount
of lines to be built (shown in 4-bus test in the following chapter). However, it
will be time-consuming and also have strict requirements of memory for large
amount of promising lines. To solve the problem, decomposition is applied.
The problem becomes as following:∑
c∈C
min
∑
l∈Nln
αlLl(x
c
l − xc−1l ) +
∑
s∈S
ps
[ ∑
k∈Nb
(qkCW
s
k,c + γkCD
s
k,c)
]
(3.25)
s.t.
−
∑
i∈Nlk
f si,c +
∑
j∈Ngk
Pgsj,c +
∑
n∈Nwk
(Pwsn,c − CW sn,c) + CDsk,c
= Pdsk ∀s ∈ S, k ∈ Nb, c ∈ C
(3.26)
−Ml(1− Cl,cxl) ≤ f sl,c −Bl(θfbl,c − θtbl,c) ∀s ∈ S, l ∈ Nl, c ∈ C
(3.27)
Ml(1− Cl,cxl) ≥ f sl,c −Bl(θfbl,c − θtbl,c) ∀s ∈ S, l ∈ Nl, c ∈ C
(3.28)
(Cl,cxl)f
min
l ≤ f sl,c ≤ (Cl,cxl)fmaxl ∀s ∈ S, l ∈ Nl, c ∈ C (3.29)
Pgmin ≤ Pgsc ≤ Pgmax ∀s ∈ S, c ∈ C (3.30)
0 ≤ CDsk,c ≤ dsk ∀s ∈ S, k ∈ Nb, c ∈ C (3.31)
− pi
2
≤ θsk,c ≤
pi
2
∀s ∈ S, k ∈ Nb, c ∈ C (3.32)
0 ≤ CW sk,c ≤ Pws ∀s ∈ S, k ∈ Nw, c ∈ C (3.33)
xcl ≥ xc−1l , c ∈ C ∀l ∈ Nl (3.34)
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Shown in the formulation, instead of solving all the contingencies at
one time, the problem is reformulated so that at each iteration, only one
contingency is taken into account, and at next iteration, the decision made in
last iteration is preserved.
∀x∗ ∈ argmin{(3.15)-(3.24)}, x∗ is a feasible solution of (3.25)-(3.34).
This means minimum of (3.25)-(3.34) ≥ minimum of (3.15)-(3.24). Although
the value may not be exactly the same, the optimal solution of (3.25)-(3.34)
can still provide valuable information of the optimal solution of (3.15)-(3.24).
In the meantime, calculating using the formulation of (3.25)-(3.34) will save
more time and memory.
To be noticed, the lines constructed in one contingency should be con-
sidered for the next contingency, which is (3.34).
13
Chapter 4
Tests and Conclusion
In this chapter, a few tests and results are displayed.
4.1 4-Bus Test
4.1.1 Problem Description
Figure 4.1: 4 Bus Test Original
Originally, the network is a 4-bus network. An industrial load is going
to be constructed. To meet demand growth, a wind farm is built and is planned
to connect with the existed transmission network. The optimal connecting
plan should be found with the consideration of security. Fig. 4.1 shows the
original structure.
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4.1.2 Data Set
Table 4.1: Bus Data for 4 Bus Test
Bus No. Max Gen Output(MW) Line No. Limit
1 400 3
2 0 6
3 500 4
4 0 6
5 300 6
Table 4.2: Exist Line Data for 4 Bus Test
Line No. From Bus To Bus Reactance(p.u.) Flow Limit(p.u.)
1 1 2 0.02 1
2 1 4 0.03 0.8
3 1 3 0.01 1
4 2 3 0.01 1
5 2 4 0.02 1
6 3 4 0.01 1
The data of scenarios and new lines are shown in the Appendix 1.
4.1.3 Solution Without Consideration of Security
4.1.3.1 Without Spacing Limit
The solution to the problem when spacing limit is not considered is
connecting the new bus 5 with original bus 1, which can be shown in the Fig.
4.2.
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Figure 4.2: 4 Bus Test Without Security Without Spacing
The total cost of that is $1.10025933×1012. The solution time without
spacing limit is 0.23s.
4.1.3.2 With Spacing Limit
After considering spacing constraint, the total cost becomes $1.10025934×
1012. The new strategy will be connecting bus 5 with bus 3 shown below in
Fig. 4.3. The solution is obtained in 0.20s.
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Figure 4.3: 4 Bus Test Without Security With Spacing
4.1.4 Solution With Consideration of Security
4.1.4.1 Without Spacing Limit
The total cost of the problem becomes $2.97069253×1013. The optimal
solution requires the construction of four lines where two are from bus 1 to
bus 5, and others are from bus 3 to bus 5. The program ends in 10.45s.
Figure 4.4: 4 Bus Test With Security Without Spacing
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4.1.4.2 With Spacing Limit
$2.97069256 × 1013 is the optimal cost. It takes 7.08s to achieve the
optimum. Three lines are being built. Two of them are from bus 2 to bus 5.
The other one is from bus 3 to bus 5.
Figure 4.5: 4 Bus Test With Security With Spacing
4.1.5 Solution Summary Without Decomposition
Table 4.3: Final Result Without Decomposition for 4 Bus Test
Security Spacing Optimum Time
No No $1.10025933× 1012 0.23s
No Yes $1.10025934× 1012 0.20s
Yes No $2.97069253× 1013 10.45s
Yes Yes $2.97069256× 1013 7.08s
Interestingly, the cases with a spacing constraint solve faster than the
cases without.
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4.1.5.1 Solution Summary After Decomposition
Similar analysis is completed using decomposition method. The results
are shown on the table below.
Table 4.4: Final Result With Decomposition for 4 Bus Test
Security Spacing Optimum Time
Yes No $2.97069253× 1013 29.62s
Yes Yes $2.9707082× 1013 29.10s
4.1.6 Analysis
From above, it is clear that with spacing limits, the optimal solution can
be obtained more quickly than that without spacing limits when decomposition
is not applied. When decomposition is applied, operational time is mainly
determined by the number of promising lines, but it helps with time saving.
The results from method with decomposition are close to that from method
without decomposition.
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4.2 14 Bus Test
4.2.1 Problem Description
Figure 4.6: 14 Bus Test Original
An offshore wind farm is planned to be connected to the existing 14-
bus transmission system. The wind farm is going to meet a upcoming large
industrial load nearby and growing loads in the network. The problem is
to find out an optimal strategy with contingency analysis. The original test
system is presented in Fig. 4.6.
20
4.2.2 Data Set
Table 4.5: Bus Data for 14 Bus Test
Bus No. Max Gen Output(MW) Line No. Limit
1 800 6
2 700 8
3 500 5
4 0 8
5 0 7
6 500 9
7 0 5
8 500 6
9 0 6
10 0 4
11 0 4
12 0 4
13 0 4
14 0 5
15 0 4
16 0 4
21
Table 4.6: Exist Line Data for 14 Bus Test
From Bus To Bus Reactance(p.u.) Flow Limit(p.u.)
1 2 0.0023668 1
1 5 0.0089216 1
2 3 0.0079188 0.8
2 4 0.0070528 1
2 5 0.0069552 0.6
3 4 0.0068412 1
4 5 0.0016844 0.95
4 7 0.0083648 1
4 9 0.0222472 1
5 6 0.0100808 0.8
6 11 0.007956 1
6 12 0.0102324 0.7
6 13 0.0052108 1
7 8 0.007046 0.9
7 9 0.0044004 1
9 10 0.00338 1
9 14 0.0108152 1
10 11 0.0076828 0.7
12 13 0.0079952 1
13 14 0.0139208 1
All of the scenarios and new line list are on Appendix 2.
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4.2.3 Result
Table 4.7: Final Result for 14 Bus Test
Security Spacing Optimum Time
No No $1.37× 1012 16.72s
No Yes $1.80× 1012 8.55s
Yes No $1.92× 1014 476.56s
Yes Yes $1.94× 1014 466.41s
4.2.4 Analysis
In 14-bus case, due to the high amount of promising line, without de-
composition method, the transmission optimal planning cannot be obtained in
certain system setting. Similar observation can be found in 14-bus test. With
spacing constraint, it will take less time to get the optimal solution.
4.3 Conclusion
From the analysis in both 4-bus case and 14-bus case, the inclusion of
spacing limit can reduce the running time. If the behavior is repeated for other
systems, it will be beneficial in large scale transmission expansion planning
problem. Besides, with the constraint, the optimizer of the problem can be
completely different from that without the constraint. The implementation
of the constraint is necessary and practical for certain type of projects. The
connection between timing and constraint can be an intriguing topic to study.
Moreover, the necessities and feasibility of applying substation planning to
transmission expansion planning can be further studied.
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Appendix A
Data Sets for 4 Bus Test
Table A.1: Scenarios-Probability for 4 Bus Test
Probability Scen 1 Scen 2 Scen 3 Scen 4
0.2 0.3 0.3 0.2
Table A.2: Scenarios-Wind for 4 Bus Test
Bus No. Scen 1 Scen 2 Scen 3 Scen 4
1 160 144 80 16
2 0 0 0 0
3 200 160 100 20
4 0 0 0 0
5 200 160 100 20
Table A.3: Scenarios-Demand for 4 Bus Test
Bus No. Scen 1 Scen 2 Scen 3 Scen 4
1 75.2 136 160 192
2 225.6 408 480 576
3 37.6 68 80 96
4 150.4 272 320 384
5 225.6 408 480 576
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Table A.4: New Line Data for 4 Bus Test
Line No. From Bus To Bus Reactance Flow Limit Length
1 1 2 0.02 1 40
2 1 3 0.019 1 38
3 1 4 0.03 0.8 60
4 1 5 0.01 1 20
5 2 3 0.01 1 20
6 2 4 0.02 1 40
7 2 5 0.0155 1 31
8 3 4 0.0295 0.82 59
9 3 5 0.01 1 20
10 4 5 0.0315 0.9 63
11 1 2 0.02 1 40
12 1 3 0.019 1 38
13 1 4 0.03 0.8 60
14 1 5 0.01 1 20
15 2 3 0.01 1 20
16 2 4 0.02 1 40
17 2 5 0.0155 1 31
18 3 4 0.0295 0.82 59
19 3 5 0.01 1 20
20 4 5 0.0315 0.9 63
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Appendix B
Data Sets for 14 Bus Test
Table B.1: Scenarios-Probability for 14 Bus Test
Probability Scen 1 Scen 2 Scen 3 Scen 4
0.2 0.3 0.3 0.2
Table B.2: Scenarios-Demand for 14 Bus Test
Bus No. Scen 1 Scen 2 Scen 3 Scen 4
1 0 0 0 0
2 108.5 151.9 217 260.4
3 471 659.4 942 1130.4
4 239 334.6 478 573.6
5 38 53.2 76 91.2
6 56 78.4 112 134.4
7 0 0 0 0
8 0 0 0 0
9 147.5 206.5 295 354
10 45 63 90 108
11 17.5 24.5 35 42
12 30.5 42.7 61 73.2
13 67.5 94.5 135 162
14 74.5 104.3 149 178.8
15 70 98 140 168
16 0 0 0 0
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Table B.3: Scenarios-Wind for 14 Bus Test
Bus No. Scen 1 Scen 2 Scen 3 Scen 4
3 200 150 60 20
4 200 150 60 20
13 200 150 60 20
15 200 150 60 20
Table B.4: New Line Data for 14 Bus Test-Part1
Line No. From Bus To Bus Reactance Flow Limit Length
1 1 2 0.0023668 1 79
2 1 3 0.0023668 0.9 120
3 1 4 0.0023668 1 115
4 1 5 0.0089216 1 40
5 1 6 0.0023668 1 39
6 1 7 0.0089216 0.85 126
7 1 8 0.0089216 1 149
8 1 9 0.0089216 1 137
9 1 10 0.0023668 1 98
10 1 11 0.0089216 1 87
11 1 12 0.0089216 1 73
12 1 13 0.0023668 1 89
13 1 14 0.0089216 1 102
14 1 15 0.0089216 1 160
15 1 16 0.0089216 0.87 111
16 2 3 0.0079188 1 85
17 2 4 0.0070528 1 92
18 2 5 0.0069552 1 45
19 2 6 0.0070528 0.947 84
20 2 7 0.0079188 1 114
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Table B.5: New Line Data for 14 Bus Test-Part2
Line No. From Bus To Bus Reactance Flow Limit Length
21 2 8 0.0069552 1 133
22 2 9 0.0079188 1 135
23 2 10 0.0069552 1 136
24 2 11 0.0070528 1 133
25 2 12 0.0079188 1 100
26 2 13 0.0070528 0.75 137
27 2 14 0.0069552 1 140
28 2 15 0.0079188 1 141
29 2 16 0.0070528 1 154
30 3 4 0.0068412 0.695 77
31 3 5 0.0068412 1 93
32 3 6 0.0068412 1 102
33 3 7 0.0068412 1 94
34 3 8 0.0068412 1 97
35 3 9 0.0068412 1 103
36 3 10 0.0068412 1 103
37 3 11 0.0068412 1 116
38 3 12 0.0068412 0.75 135
39 3 13 0.0068412 1 138
40 3 14 0.0068412 1 128
41 3 15 0.0068412 1 44
42 3 16 0.0068412 1 153
43 4 5 0.0016844 1 73
44 4 6 0.0016844 0.98 54
45 4 7 0.0083648 1 29
46 4 8 0.0083648 1 25
47 4 9 0.0222472 1 41
48 4 10 0.0222472 1 53
49 4 11 0.0222472 1 67
50 4 12 0.0016844 1 104
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Table B.6: New Line Data for 14 Bus Test-Part3
Line No. From Bus To Bus Reactance Flow Limit Length
51 4 13 0.0083648 0.74 97
52 4 14 0.0222472 1 85
53 4 15 0.0222472 1 46
54 4 16 0.0222472 1 134
55 5 6 0.0100808 0.96 29
56 5 7 0.0100808 1 84
57 5 8 0.0100808 1 100
58 5 9 0.0100808 1 92
59 5 10 0.0100808 1 79
60 5 11 0.0200808 0.85 64
61 5 12 0.0100808 1 67
62 5 13 0.0100808 1 94
63 5 14 0.0080808 1 109
64 5 15 0.0100808 1 108
65 5 16 0.0100808 1 109
66 6 7 0.007956 1 63
67 6 8 0.0102324 1 85
68 6 9 0.0052108 1 61
69 6 10 0.0102324 0.75 43
70 6 11 0.007956 1 38
71 6 12 0.0102324 1 47
72 6 13 0.0052108 1 48
73 6 14 0.0052108 1 50
74 6 15 0.0102324 1 104
75 6 16 0.007956 0.89 43
76 7 8 0.007046 1 21
77 7 9 0.0044004 1 22
78 7 10 0.0222472 1 30
79 7 11 0.0222472 1 45
80 7 12 0.0222472 1 131
81 7 13 0.0016844 1 134
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Table B.7: New Line Data for 14 Bus Test-Part4
Line No. From Bus To Bus Reactance Flow Limit Length
82 7 14 0.0083648 0.9 78
83 7 15 0.0222472 1 82
84 7 16 0.0222472 1 129
85 8 9 0.0222472 1 16
86 8 10 0.0100808 1 39
87 8 11 0.0100808 1 62
88 8 12 0.0100808 1 125
89 8 13 0.0100808 1 117
90 8 14 0.0100808 1 73
91 8 15 0.0200808 1 62
92 8 16 0.0100808 1 125
93 9 10 0.0100808 1 21
94 9 11 0.0102324 0.7 59
95 9 12 0.007956 1 105
96 9 13 0.0102324 1 109
97 9 14 0.0108152 1 57
98 9 15 0.0076828 1 71
99 9 16 0.0108152 1 110
100 10 11 0.0076828 1 27
101 10 12 0.0052108 1 61
102 10 13 0.0102324 1 67
103 10 14 0.007956 1 37
104 10 15 0.007046 1 84
105 10 16 0.0044004 1 79
106 11 12 0.0222472 0.8 59
107 11 13 0.0222472 1 37
108 11 14 0.0222472 1 25
109 11 15 0.0016844 1 104
110 11 16 0.0083648 1 57
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Table B.8: New Line Data for 14 Bus Test-Part5
Line No. From Bus To Bus Reactance Flow Limit Length
111 12 13 0.0079952 1 27
112 12 14 0.0079952 1 53
113 12 15 0.0109952 1 139
114 12 16 0.0079952 0.85 40
115 13 14 0.0139208 1 41
116 13 15 0.0139208 1 139
117 13 16 0.0052108 1 37
118 14 15 0.0102324 0.9 103
119 14 16 0.0044004 1 47
120 15 16 0.007046 1 140
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